Shallow retardation of the strontium isotope signal of agricultural liming -implications for isoscapes used in provenance studies Frei, R.; Frei, K. M.; Jessen, S.
• Agriculturally added strontium is retained in the top soils. • We investigated a soil profile from farmland that experienced long-term liming. • Lime-derived strontium does not penetrate into the vadose zone. • Provenance studies depend on suitable characterization of baselines. • Strontium in surface water is used to characterize baselines for provenance studies.
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Introduction
Isotope applications of provenance, such as used in food authenticity, counterfeit pharmaceutical characterization, illegal trade, narcotics, wildlife migration, forensic investigations etc. (e.g., Hobson, 1999; Newton et al., 2008; van der Merwe et al., 1990; West et al., 2009) , are increasingly widespread. Many of such investigations are based on the use of the isotope tracer system of strontium (Sr), which can help linking the analyzed samples of tissues or other organic substances of unknown origin to specific geographic locations. Strontium isotopes as a provenance tool is today also an integral part of prehistoric human and animal migration/mobility studies in archaeology (Bentley, 2006; Montgomery, 2010; Müller et al., 2003; Price et al., 2002) . Refined methods applied to soft tissues other than tooth enamel and bone, such as wool or hair (Frei et al., 2015; Frei et al., 2017 ) have further contributed to high temporal resolution of prehistoric human mobility. The method is based on the fact that there is no measurable strontium isotope fractionation from geological bedrock and soil sources through the food web (Flockhart et al., 2015) . Researchers involved in Sr isotope based provenance studies have become increasingly aware and sensitive of the fact that proveniencing of various animal and human tissues is substantially dependent on the delineation and adequate characterization of baselines, or isoscapes, of potential target areas. In this respect, it is imperative to concentrate on efforts to best approximate a bioavailable fraction from a geological substrate that is 1) relevant as a component transferred through the food chain, and 2) representative, in a mass budget balance, of a substantial amount of intake/diet. A variety of geological and biological materials have been investigated for this purpose (Maurer et al., 2012) , but plants (Evans et al., 2010) , soil extracts (Hoogewerff et al., 2019; Willmes et al., 2018) and surface waters (Frei and Frei, 2011) are currently the most widely used archives.
Surface waters have the advantage over other archives used for baseline characterizations that, if carefully selected, they represent an averaged out bioavailable signature that is usually representative for a larger target area/region, dependent of the type of reservoir sampled (usually a specific creek/river catchment area). Surface waters, in particular running and spring waters, were likely sources of Sr in the intake mass budget of prehistoric humans and certain animals. This is particularly the case in areas where carbonate sediments with usually very high Sr concentrations ([Sr] ), in the order of hundreds to thousands of ppm, rather than siliciclastic sediments with much lower [Sr] , contribute strontium to the aquifers. It is therefore expected that strontium derived from carbonates, upon entering the hydrosphere, will dominate surface run-off and groundwaters is such regions, whereby commonly more radiogenic 87 Sr/ 86 Sr signatures mobilized from the weathering of siliciclastic sediments will be biased towards lower isotopic ratios. Frei and Frei (2011) published a surface water-based strontium isotope reference map for Denmark (except the island of Bornholm) which is currently being used as one of the baselines for provenance studies of prehistoric humans and animals. The 87 Sr/ 86 Sr map shows a rather homogenous strontium isotope distribution in the surface waters (average 87 Sr/ 86 Sr = 0.7096 ± 0.0015; 2σ; n = 192; with a full range between 0.7079 and 0.7128), with the exception perhaps of a zone across northern Jutland where 87 Sr/ 86 Sr values are noticeably depressed to values of 0.7079. These lower Sr isotope signatures in respective surface waters of this area seem to reflect the near-surface presence of Sr derived from Late Maastrichtian-Early Paleocene limestone/chalk, and the relative absence of the radiogenic signal of otherwise more extensive presence of Quaternary siliciclastic glaciogenic sediments covering other parts of Denmark. Upper Cretaceous-Lower Paleocene limestone and chalk in Denmark is characterized by 87 Sr/ 86 Sr values between 0.7079 and 0.7080 (Frei and Frei, 2002; Gilleaudeau et al., 2018) . Nevertheless, the strontium isotope range in surface waters reported by (Frei and Frei, 2011) is in accordance with subsequent baseline studies relying on other environmental proxy samples, such as soils, plants and fauna (e.g., Frei and Price, 2012; Frei et al., 2017; Hoogewerff et al., 2019) .
This rather homogeneous distribution of Danish surface water strontium isotope composition is seen by Thomsen and Andreasen (2019) at odds with an east-west shift in 87 Sr/ 86 Sr surface water values they expect from the distribution of natural chalk and limestone components in soils across Jutland. Strongly calcareous soils are dominant in tilldominated East Jutland, whereas low-calcareous, highly permeable and sandy Pleistocene glacial outwash sediments prevail in West Jutland ( Fig. 1) . These authors argue for a serious contamination of surface waters in glacial outwash plains by modern agricultural lime, in their view rendering these baselines inappropriate to reflect the water signature prior to modern agricultural liming activities. Hence, Thomsen and Andreasen (2019) question the use of existing water-based baselines for provenance and migration studies of particularly prehistoric humans and animals. These authors take their skepticism a step further in that they postulate that this situation is common throughout recently glaciated areas along the periphery of the Weichsel and Saale ice sheets in Northern Europe.
Our study shows, however, that strontium added via agricultural liming in a representative site in the West Jutland sandy outwash plain is efficiently retained, inferably over decades, within the zone acidified in response to carbonate leaching. We infer that modern agricultural liming is not a threat to the construction of reference isoscapes in these areas when using suitable surface waters.
Materials and methods
Sediment cores were collected in March 2014, using Ø5 polyethylene liners mounted in a stainless steel tube pushed down by a jackhammer. Upon recovery the cores were immediately sealed and stored at 5°C.
For the present study, a vertical profile of pore water was obtained by installing in December 2010 ten PRENART Super Quartz PTFE suction cells, depth-distributed vertically over the unsaturated zone and horizontally b0.5 m apart. The suction cells were beforehand equipped a septum at the upwards facing end and mounted at the tip of Ø32 mm PVC tubes with the septum inside the tube. Installation holes (Ø50mm) were made by percussion using a Geoprobe®. Before installation, 400 mL of a silica flour-water slurry was transferred to the bottom of the hole through a flexible tube and the suction cell-PVC tube assembly was then installed immediately after forming a well. This procedure ensured a good hydraulic connection for the suction cell to the pore water in the unsaturated zone sand. The small annulus around the PVC tube was afterwards filled with manufactured certified clean well pack quartz sand to 0.3 m below ground and then with top soil to the surface. Pore water from the unsaturated zone was collected ten times between May 2011 and March 2014; samples from March 2014 were used for the present work. Pore water samples were collected by lowering into the well a pre-evacuated septum glass contained in a shuttle with the septum facing downwards. The shuttle held at its lower end a spring-mechanisms with a double-ended needle. Upon unification between the shuttle and the septum of the suction cell, the needle ensured hydraulic contact between the unsaturated zone pore water and the evacuated inner of the septum glass. After 24 h the shuttle holding the septum glass was retrieved, and the septum glass was removed and stored at 5°C. The profile was further equipped with a piezometer at 6.5 m below surface, installed in a similar way as the suction cells, to enable monitoring of the groundwater water table elevation and sampling of saturated zone using a peristaltic pump. Pore waters collected in septum glasses were transferred to 20 mL polyethylene vials through 0.21 μm cellulose acetate syringe filters (Sartorius Minisart) following the fieldwork in March 2014 and stored at 5°C. For the present study, volumes of 1-2 mL of these pore water samples were analyzed for their strontium isotope signatures, and some samples also for their [Sr] . One sample collected from the groundwater table at c. 6.6 m depth was also analyzed. Concentrations reported for these water samples refer directly to those in the waters.
Subsamples of the core (surface to −3.0 m below terrane level, samples A-H; 1-14) were sieved to b2 mm (Fig. S1 ), and aliquots of 10 g were exposed to 25 mL of ultrapure 1 M ammonium nitrate solution in 50 mL centrifuge tubes for two hours during which the tubes were tumbled feebly. We adhered to the recipe applied for the provenancesuitable isoscape reference maps of France and Europe by (Hoogewerff et al., 2019; Willmes et al., 2018) , and elsewhere, to recover a relevant bioavailable fraction of strontium from soil sediments. After centrifugation, 5 mL aliquots of these solutions were used to determine the strontium isotope composition (IC), 2 mL aliquots were spiked with a 84 Sr enriched tracer solution to determine the strontium concentration [Sr] via isotope dilution (ID), and 2 mL were used for major and trace element concentrations measured by ICP-MS. In addition, five sieved core samples weighing one gram each were attacked by 10 mL of aqua regia for 24 h on a hotplate. Finally, we performed 0.2 M acetic acid leaches on 1 g amounts of five b2 mm soil sample aliquots in order to preferentially attack relic detrital carbonates. For this, we exposed the samples to 10 mL of 0.2 M acetic acid for 30 min under tumbling at room temperature, and separated strontium from 1 mL aliquots of the leachates after adding a 84 Sr enriched spike. Concentrations of the respective ammonium nitrate, acetic acid leachates and aqua regia extracts are expressed relative to the b2 mm sample weights processed.
For strontium isotope measurements, including spiked samples for ID analyses, respective leachates were dried on a hotplate in Savillex Teflon beakers, after which the residues were taken up in 3 M HNO 3 and passed over miniaturized extraction columns (1 mL disposable pipette tips fitted with a porous frit) charged with 300 μl of 100 mesh SrSpec™ (Triskem) resin. After flushing with 4 mL of 3 M HNO 3 , strontium was released from the resin with 2 mL of ultrapure water. Strontium separates were loaded onto outgassed rhenium filaments in 2.5 μL of a mixed Ta 2 O 5 -H 3 PO 4 -silica gel mixture and measured dynamically on a VG sector 54 IT thermal ionization mass spectrometer. Mass fractionation was controlled by 86 Sr/ 88 Sr = 0.1194 for IC analyses, and deconvolution of spiked samples was performed externally for the ID samples. 50 ng loads of the NBS 987 Sr standard gave 87 Sr/ 86 Sr = 0.710238 ± 0.000020 (n = 5, 2σ). The 87 Sr/ 86 Sr values of the samples were corrected for the offset relative to the NIST SRM 987 value of 0.710245 (Thirlwall, 1991) . Procedural strontium blanks remained below 200 pg with an average 87 Sr/ 86 Sr value of~0.709, an amount which is insignificant relative to the N60 ng of sample strontium processed and thus did not require correction of the measured strontium isotope signatures for blank contribution.
For major element concentration analyses by ICP-MS, the dried down ammonium nitrate aliquots were re-dissolved into 10 mL of a 1 vol% HNO 3 . These solutions were measured with a Perkin Elmer ELAN 6000 quadrupole ICP-MS at the Geological Survey of Denmark and Greenland (GEUS), following procedures and respective standard controls described by Kystol and Larsen (1999) .
Results
We studied the first~3 m of a multi-level profile through a~5 m thick sandy unsaturated zone of an agricultural field, 10 km south of the town of Ikast, Denmark (Fig. 1, 56°02′06 "N, 9°10′24″E, 67 m a.s.l.). The site lies within the sandy Quaternary glacial outwash sediments that dominate the western part of the Jutland peninsula (Denmark) and was referred to by Thomsen and Andreasen (2019) as the West Jutland glaciogenic province (Fig. 1) . The outwash sand, as is frequently the case (Böhlke et al., 2002; Postma et al., 1991; Robertson et al., 1996) , was originally co-deposited with fragments of pre-Quaternary carbonates derived from the ice sheets' erosional source area. However, acid soils and heath vegetation subsequently developed due to carbonate leaching (Friborg, 1996; Odgaard and Rasmussen, 2000; Reardon et al., 1979) . Agriculture in the outwash plain is therefore extremely difficult and reliant on agricultural liming which in West Jutland began at the end of the 1800s. The site studied herein appears as farmland on maps dating back to at least 1913. Liming at the site therefore probably was initiated a few decades into the 1900s, and likely became routine agricultural practice in the middle of the 1900s. (Greve et al., 2012) . The inset shows the study area in Denmark in relation to Scandinavia.
Samples of pore water and push core sediments throughout the unsaturated zone were obtained from the site. Pore water from the four multi-level profiles at the site show a marked pH decrease within the unsaturated zone, from 6 to 6.5 in the upper parts to b5 in the lower part, paralleled by a complete loss of~1 meq/L alkalinity at the depth of the pH shift Thaysen et al., 2014) . The acidic subsoil reflects the post-Pleistocene carbonate leaching and soil acidification in West Jutland outwash plains, whereas the upper near-neutral pH reflects the effect of agricultural lime addition.
Bioavailable strontium concentrations and isotope compositions
Results of strontium isotope signatures and [Sr] from leachates of the push core samples, pore waters and the groundwater are listed in Table S1 . The double y-axis plot in Fig. 2A displays the sediment [Sr] and 87 Sr/ 86 Sr that were measured in ammonium nitrate leachates (henceforth referred to as bioavailable Sr). [Sr] in the top~60 cm of the profile range from 2.1 to 8.4 ppm, and [Sr] decreases abruptly to much lower concentrations in the range from~0.10 to 0.61 ppm in the deeper part of the profile. An opposite trend is expressed by the 87 Sr/ 86 Sr signatures, with a narrow band of 0.7073 to 0.7076 in the top 60 cm of the profile, and more heterogeneous but elevated signatures between~0.7081 to 0.7105 in the deeper parts of the profile. Quite clearly, the upper c. 60 cm of the soil profile is dominated by Sr derived from the agriculturally added lime, because lime products used in Denmark are characterized by elevated [Sr] , and 87 Sr/ 86 Sr values ranging from 0.7075 to 0.7079 (Thomsen and Andreasen, 2019) . The changes in both [Sr] and 87 Sr/ 86 Sr values below 60 cm depth are ((Frei and Frei, 2002; Gilleaudeau et al., 2018) ; pale green) and of pore waters from the soil profile measured herein (pale blue). The 87 Sr/ 86 Sr value of the groundwater at 6.6 m depth is indicated by a blue dashed line. Sample "H" from 1 m depth closely depicts the isotope composition of relic detrital carbonates found in this particular sample. B. Mixing diagram showing the relationship between 1/[Sr] and 87 Sr/ 86 Sr values in samples of the soil profile. Samples from below 60 cm depth (red symbols) define a well constrained two source endmember mixing array (R 2 = 0.98) with unradiogenic Sr from natural relic detrital carbonates and radiogenic Sr derived from the weathering silicates in the lower part of the profile. The red-filled rectangle centered around the intersection of the mixing line with the yaxis depicts the 87 Sr/ 86 Sr compositional range of the relic detrital carbonate endmember. Sr in the upper 60 cm of the profile (samples in blue symbols), depicting the Sr from agricultural lime additives, is unrelated from the signatures in the lower parts, implying its efficient retardation in the topsoils. Transparent bands and the blue dashed line are the same as in A. For details refer to text.
important to the understanding of the effect of agricultural lime addition in surface waters. In Fig. 2B we present a mixing diagram in form of 1/[Sr] vs. 87 Sr/ 86 Sr for the bioavailable fraction recovered from the core segments by ammonium nitrate. Linear relationships in such a diagram express two-component mixtures. In this diagram it becomes clear that samples above c. 60 cm are decoupled from samples below this depth. Below 60 cm the samples define a very well characterized linear relationship (R 2 = 0.98), with one endmember being characterized by high [Sr] and a 87 Sr/ 86 Sr ratio of 0.70805 +/˗ 0.00010 (2σ) (defined by the extrapolated intersection value of the mixing line with the y-axis), and the other endmember being characterized by low [Sr] but elevated strontium isotope ratios, closely matching the surface waters from the Central and West Jutland glaciogenic province which Thomsen and Andreasen (2019) classified as being agriculturally overprinted. We equate the first of the former endmembers with bioavailable Sr derived from small amounts of relic detrital carbonates present in the lower portion of the profile, and the second endmember with radiogenic Sr derived from the weathering of the predominant clastic silicates, unaffected by Sr from the agricultural liming products. Our interpretation is supported by the silicate-dominated 87 Sr/ 86 Sr signatures (range 0.7091-0.7269, n = 5) obtained from aqua regia soil attacks, and the relic-carbonate's isotope signature (range 0.7083-0.7086, n = 5) approached by weak acetic acid leachates (Table S1 ).
An important observation in Fig. 2B is, that the isotope signature of the samples above 60 cm is significantly lower than the relic carbonate endmember, meaning that the high [Sr]-low 87 Sr/ 86 Sr sources being tapped by the ammonium nitrate leaching procedure are different. The first one, present above 60 cm depth and with 87 Sr/ 86 Sr in the range 0.7075-0.7076, reflects the agriculturally added lime products. However, the second one, present below 60 cm depth and with 87 Sr/ 86 Sr in the range 0.7081-0.7115, we equate with relic likely Late Maastrichtian-Early Paleocene carbonate components disseminated in the sandy glaciogenic and predominantly siliciclastic sediment ( Fig. S1 ). Sample "H" with the highest [Sr] and lowest 87 Sr/ 86 Sr ratio The grey shaded vertical area marks the zone where there is a pronounced shift in pH from values around 7 above to 5-6 below the transition zone. Sample "H" from 1 m depth is dominated by contribution of these elements from relic detrital carbonates. B. Scatterplot depicting the relationship between [Mg] and [Ca] in bioavailable soil extracts from the profile studied. Samples from above 60 cm depth are distinguished from samples below 60 cm, both in their overall concentration ranges and in the Ca/Mg ratios (reflected by the slopes of the respective correlation lines). For details refer to text. (Table S1 ; Fig. 2A ) very closely approximates this source. Mass balance calculations predict that only a very small amount of such relic carbonate in a traditionally classified "non-calcareous" glaciogenic outwash sediment is necessary to lower the radiogenic bioavailable strontium fraction of the sedimentary clastic silicates. A simple calculation reveals that only~0.2% of a predominantly limestone or chalk derived bioavailable component with [Sr] typically around 5 ppm and a 87 Sr/ 86 Sr signature of 0.708 is necessary to lower a silicate-derived component (with 0.2 ppm [Sr] and a 87 Sr/ 86 Sr value of 0.730), to a signature of 0.7084 typical of the measured pore water composition (Table S1 ). This shows the extreme sensitivity of the isotope composition of bioavailable strontium in sandy soils typical of originally calcareous glacial moraines and outwash sediments, and asks for caution in properly addressing and isolating this component for provenance-oriented studies.
Selected major element compositions in leachates
Bioavailable major element concentrations, as measured by ICP-MS in filtered ammonium nitrate leachate aliquots expressed relative to the weight of the treated b2 mm grain size soil fraction, are contained in Table S2 . The concentration profiles of Ca and Mg, shown in Fig. 3A , follow that depicted by [Sr] ( Fig. 2A ).
[Ca] and [Mg] exceeding 600 ppm and 20 ppm, respectively, are characteristic of samples above 50 cm, while concentrations generally lower than 200 ppm and 12 ppm, respectively, are measured below 50 cm depth (Fig. 3A) . The elevated bioavailable (mobile) [Ca] and [Mg] are due to the addition of agricultural chalk and magnesium chalk, but like in the case of Sr, these elements are efficiently retained near the surface and do not penetrate significantly into the lower part of the profile. In Fig. 3B , depicting [Ca] vs. [Mg] (Table S2) , samples from below 60 cm depth define a flat and well defined linear relationship (R 2 = 0.94). This suggests a proportionate partitioning of these elements into the leachate characterized by bioavailable Ca/Mg of~9 (Fig. 3B ). It also implies a rather homogenized release of these elements, which attests for the presence of one predominant source for Ca and Mg. We note that sample "H" from 1 m depth with the highest [Ca] and [Mg] (Fig. 3A ) best approximates the Sr composition of the relic carbonate fragments (Fig. 3B ). While sample "H" exhibits Sr and Ca concentrations that are similar to those of samples from the top 60 cm of the profile, it is the Ca/Mg ratio of this sample that fits to the flat-lying trend depicted in Fig. 3A and thus matches the released major element characteristics of relic carbonates in the lower part of the soil profile. The samples from the top 50 cm of the profile have substantially higher [Ca] and [Mg] with, at average, a much higher Ca/Mg of~30 defined by the slope of the regression line (R 2 = 0.86; Fig. 3B ). Together, these results strongly imply the existence of a retardation front around 60 cm depth at which an efficient inhibition for the transfer of cations from agricultural lime products down into the vadose zone occurs.
In order to explore the process inhibiting the downwards transfer of base cations, including Sr 2+ , we inspect the behavior of bioavailable aluminum (Al) in the profile (Fig. 4) . Concentrations of bioavailable Al are below 10 ppm in the upper 1 m of the profile and then increase downwards approaching ca. 50 ppm (Fig. 4) . This somewhat opposite behavior of Al relative to that of Ca and Mg (Fig. 3A) is observed also in other studies of sandy glaciogenic soil profiles (Hansen and Postma, 1995) , and reflects the tendency of down-transported Al 3+ , released as a result of post-glacial soil acidification in the outwash plain prior to modern agricultural liming, to displace adsorbed base cations including Ca 2+ and Mg 2+ from cation exchange sites (Lindsay, 1979) . The low [Al] in the upper part of the profile reflects the effects of lime addition and the consequent displacement of Al by Ca and Mg. Liming, in this way, has decreased the acidity associated to Al (also termed the aluminum toxicity) and enabled the increased pore water pH and alkalinity, as observed in the upper part of the profile by Jessen et al. (2014) . Likewise, our results from dissolved Si in some of the pore waters ([Si] plotted in Fig. 4 along with [Al]) speak for an increased mobility of Si with the acidic zone (deeper than 2 m depth; Jessen et al. (2014) ). This indicates acid-promoted enhanced weathering of the silicates, which is similarly reflected by the overall elevated 87 Sr/ 86 Sr values of bioavailable Sr fractions in this deeper part of the profile ( Fig. 2A) .
Discussion
Thomsen and Andreasen (2019) cast doubts on the use of existing surface water-based isoscapes from agriculturally limed areas characterized by low-to non-calcareous soils, which typically are a result of the weathering of glacial outwash plain sediments. Outwash plains [Al] in the topsoil (cation transfer barrier marked with a black vertical line) is low because of competition for cation adsorption sites by Ca 2+ and Mg 2+ added by lime product additives. Below the zone characterized by a marked decrease in pH (marked by grey shaded area), an increased mobility of Al is also noted in the respective pore waters. For discussion refer to text. frequently occur in the periglacial landscapes of the northern hemisphere. These authors infer that today all larger lakes, most streams, and all rivers in such areas are affected by agricultural liming, so that the modern prevailing strontium isotope signatures used for baseline maps do not reflect the bioavailable signatures that prevailed in prehistoric times. Our results presented herein argue against this generalization and the postulation that lime product-derived strontium contaminates the run-off in respective catchments within the glacial outwash plains of West Jutland.
First, the effective retention of Sr added by lime products in the topsoil, illustrated in Fig. 2A , shows that lime product-derived strontium and its isotope signature in practice does not enter the vadose zone and underlying aquifer, to ultimately discharge to surface water and in this way substantially alter the isotope signature of the natural bioavailable strontium that constituted the intake for prehistoric humans and animals. The mixing relationships depicted in Fig. 2B show a clear spatial separation between the uppermost c. 60 cm of the profile and the lower part, with respect to strontium isotope signatures in the bioavailable fractions. While the 87 Sr/ 86 Sr of bioavailable Sr above 60 cm depth ( 87 Sr/ 86 Sr = 0.7072-0.7076) is compatible with Sr from lime products ( 87 Sr/ 86 Sr = 0.7075-0.7079; Thomsen and Andreasen (2019) ), the isotopic signature of bioavailable Sr below 60 cm depth is not. Instead the values are more radiogenic ( 87 Sr/ 86 Sr = 0.7082-0.7115). The mixing relationship depicted by leachates from below 60 cm imply a derivation of Sr from siliciclastics with elevated 87 Sr/ 86 Sr ratios (Table S1 ), but, most importantly, also from a pool of Sr stored in the subsoil, which releases higher [Sr] with lower 87 Sr/ 86 Sr. This Sr may be stored in an adsorbed form, or perhaps as a small amount of natural relic detrital carbonates ( 87 Sr/ 86 Sr~0.70805). Nonetheless, it becomes evident that the bioavailable fractions that enter the vadose zone are dominated by Sr matching relic detrital carbonates, which are set to depress the radiogenic, but low [Sr] component from the siliciclastics ( 87 Sr/ 86 Sr N 0.7108). Here it is important to notice that surface waters and groundwaters are especially closely linked in permeable settings of an outwash plain. Aquifer recharge takes place in most of the sandy outwash plain area, while discharge to surface waters is limited mostly to stream valleys. Therefore, aquifer flow paths that enter deeper still-calcareous zones of the aquifer inevitably will constitute a part of the flow paths which converge to form the discharge of regional surface water rivers and streams. According to these hydrogeological considerations, running surface waters will in any case acquire an imprint of the [Sr] and isotope signature of the detrital relic carbonates of the outwash plain aquifers. Therefore surface waters in general, and also in areas dominated by glaciogenic outwash sediments, are characterized by a relatively narrow range of low 87 Sr/ 86 Sr values between 0.7079 and 0.7128 (average 0.7096 ± 0.0015; 2σ, n = 192) defined in the study of Frei and Frei (2011) .
The Karup river catchment, located within the outwash plain, is interpreted by Thomsen and Andreasen (2019) as a representative case for the contamination of surface water by Sr derived from the modern addition of lime products. Indeed, increasing [Sr] and decreasing 87 Sr/ 86 Sr values are observed along Vallerbaek brook, a brook in the catchment, as its course exits a pristine area and enters an agricultural area. The authors note that Vallerbaek brook's discharge, when the brook runs within the pristine area, must be based on surface water as the groundwater table is below the level of the brook. Only when Vallerbaek brook enters the agricultural area it may begin to receive groundwater (Thomsen and Andreasen, 2019) . In line with the above hydrogeological considerations, the increasing [Sr] and decreasing 87 Sr/ 86 Sr values, observed by Thomsen and Andreasen (2019) as
Vallerbaek brook enters the agricultural area, could therefore as well result from discharging deep flow paths carrying a Sr imprint from detrital relic carbonates and hence need not to be associated to the change in land use along the brook. A generic conceptual hydrogeological model which fits the situation described by Thomsen and Andreasen (2019) for Vallerbaek brook and the Karup river catchment is illustrated in Fig. 5 which will be discussed below.
Mechanisms of Sr signal retention
Our results show the effective retention of the isotope signature of agricultural lime-derived Sr, and therefore speak against water signatures in streams and lakes as being significantly affected by agricultural lime-contaminated near-surface run-off within the outwash plain. We observed the Sr retention front at just 60 cm depth, within previously acidified soil horizons. As mentioned, the Sr signature below this depth is distinctly different from the Sr signature above 60 cm depth and matches that of the detrital carbonates. Because of the latter, we suggest that relic detrital carbonates, even in sediments often classified as non-calcareous in the area of western Jutland, play a role. In our case, this is supported also by the fact that fragments of detrital carbonates were observed in our sediment samples (Fig. S1 ). In the case of Vallerbaek brook, a detrital carbonate content, significant enough to control the major ions groundwater chemistry at 15 m below the groundwater table, exists within the outwash plain sediments of the Karup river catchment (Postma et al., 1991) . By their dissolution these carbonates immediately must be expected to directly imprint groundwater discharging to the downstream end of Vallerbaek brook and to Fig. 5 . Conceptual hydrogeological model. The sketch displays the elevation of the groundwater table (blueish area) relative to that of the terrain (orange), a brook (blue line), and the connected downstream river. The discharge of brooks and (more regional) streams and rivers in the outwash plain are variably sustained by groundwater. The Sr retention front and the weathering front of (relic) detrital carbonates are displayed individually. Groundwater acquires the Sr signature matching detrital carbonates when it crosses the Sr retention front or the carbonate weathering front, and carries this signal to the recipient surface water body.
Karup river with the Sr isotope signature significantly controlled by detrital carbonates.
However, the shallow Sr retention front observed in our data contrasts with data of Thomsen and Andreasen (2019) who measured radiogenic 87 Sr/ 86 Sr values at c. 10 m below the groundwater table in two wells (their KG-2 and KG-3 samples) sampling acidic groundwater. This suggests much deeper positions of the Sr retention front and the weathering front of relic detrital carbonates at their location. Furthermore, the opposite trends of the [Ca] and [Mg] profiles vs. the [Al] profile ( Figs. 3A and 4) , we interpret as being most likely a result of cation exchange. In that case also the mechanisms for Sr and 87 Sr/ 86 Sr retention are linked to cation exchange, as the Ca and Sr behave quite alike during cation exchange. This infers a process for the Sr retention by which the existence of relic detrital carbonates would not be necessary, as long as the Sr released from their weathering would accumulate to an (adsorbed) pool in the sediment. It is obvious from the profile studied that the Sr retention level roughly corresponds with the occurrence of darker, organic material-enriched soils in the top part (samples A-D; Fig. S1 ). The role of organic matter functional groups in the adsorption of Sr in wetlands has recently been studied by Boyer et al. (2018) . Their study revealed high to very high, and mostly poorly reversible, Sr adsorption onto all wetland organic substrates, despite acidic pH b5 typically prevailing in such environments. Large Sr adsorption capacities were also found in wetland sediments, and these authors attributed them to the occurrence of natural clays, organic molecules, and the large fraction of carbon found in proteins. Boyer et al. (2018) propose therefore engineered organic components in wetlands as means to efficiently delay Sr transport towards downstream surface ecosystems, and consequently an effective means to manage radioactive 90 Sr pollution. Such a scenario would explain the effective retention over decades, in the upper soil layers,of agriculturally added Sr via liming to respective farmland, as revealed by the studied profile herein.
Our combined interpretation is accordingly open towards a decoupling of the two fronts, and Fig. 5 thus displays separate fronts for the Sr retention and for the weathering of (relic) detrital carbonates. In Fig. 5 the Sr retention front is placed at below the groundwater table (i.e., at significant depth below the soil) to be consistent with both Thomsen and Andreasen (2019)'s and our own data, and above the weathering front for (relic) detrital carbonates to indicate the possible separation of the two. Its lowest possible position must coincide with the uppermost position of relic carbonates. In generic form, Fig. 5 suggests that streams in outwash plain sediments may or may not receive groundwater discharge depending on the elevation of the stream relative to that of the groundwater table. Groundwater that follows deeper flow paths acquire the Sr signal matching detrital carbonates as it crosses the Sr retention front or enter calcareous strata in the aquifer. Still calcareous sediments are expected to be closer to the surface near rivers than in the recharge area of a catchment because at least a fraction of the discharging flow paths have already approached calcite saturation up-gradient to the point of discharge.
Mass balance calculation
According to Thomsen and Andreasen (2019) , the agricultural lime product applied in Jutland today consists of a mixture of Upper Cretaceous chalk from northern Jutland and Permian Magnesian Limestone imported from England. The 87 Sr/ 86 Sr ratio of the mixture is~0.70785, and the strontium concentration is~800 ppm (Table S4 in Thomsen and Andreasen (2019) ). This data is fully compatible with [Sr] and 87 Sr/ 86 Sr signatures measured in Upper Maastrichtian-Lower Danian (Pliocene) chalk (Frei and Frei, 2002; Gilleaudeau et al., 2018) . The [Sr] profile in Fig. 2A shows high [Sr] of 2-8.5 ppm above 60 cm depth, indicating an accumulation of the added Sr in the top of our studied profile. Using typical average lime application rates of 900 kg/ha/yr reported for two farms in the Vallerbaek area (Table S4 ; Thomsen and Andreasen (2019) ) and Sr contents of 800 ppm for agricultural lime, we derive that about 720 g Sr/ha/yr is added to arable farmland typical of western Jutland. We estimate the mass of bioavailable Sr currently accumulated in the top 60 cm soil horizon, using the avg.
[Sr] of~4 ppm and a bulk density of 1.5 kg/dm 3 (Thaysen et al., 2014) , to about 36′000 g Sr/ha. Division of this amount by 720 g Sr/ ha/yr yields a time period of~50 years, which is very compatible with the expected period of routine agricultural liming at the site. Our calculations therefore support the efficient retention of Sr from the agricultural lime products in the topsoil.
We also calculated a Sr mass balance on the Karup River catchment in western Jutland, which Thomsen and Andreasen (2019) interpret as a representative case study for the contamination by Sr derived from the modern addition of lime products. In our calculation we consider the situation at the Hagebro location of Thomsen and Andreasen (2019) , where average discharge of Karup river is 6.8 m 3 /s derived from a catchment area of 480 km 2 (Thomsen and Andreasen, 2019) . Assuming an agricultural strontium addition rate of 720 g Sr/ha/yr (Thomsen and Andreasen, 2019) to respective farmlands that is" dissolved at a rate corresponding to its yearly supply" (Thomsen and Andreasen, 2019) , and estimating the catchment to be covered by 80% arable land (judged from satellite imagery), we calculate that the average [Sr] in the catchment head water of the Karup River should be about 0.13 mg/L. This is c. 20% higher than the concentration actually measured by the authors (i.e. 0.11 mg/L). This seems to imply that agricultural lime-derived Sr is not fully transferred into the surface water but instead is at least partially retained in the farmland soils of this catchment. Much more importantly, if a significant portion of the Sr in the Karup river would be due to agricultural lime-based Sr penetrating into the groundwater, then one would also expect the Sr isotope composition to be more strongly affected towards the isotope signature of the added lime with 87 Sr/ 86 Sr values around 0.7078. This is clearly not the case as the authors report a 87 Sr/ 86 Sr value of about 0.7095 for the Karup river head water. A much more likely scenario to explain the [Sr] and 87 Sr/ 86 Sr changes along the Karup river (supported by the data herein on the soil profile) would be to assign these changes to gradually increasing contributions of Sr derived from deep reaction with relic carbonates along the flow path.
Another Sr mass balance speaking against significant agricultural lime product-based Sr contamination of the surface waters can also be calculated with the data that Thomsen and Andreasen (2019) report for the Vallerbaek tributary to the Karup river (respective catchment area plotted in Fig. 1 for reference). Here, Sr isotope compositions are strongly decreased over a stretch of c. 500 m between position K13 and K4 (their Fig. 4B,  C) , supposedly where the surface water reaches the groundwater table. Taking their discharge rate of 40 L/s at this transition location, and assuming a farmland-affected catchment area of c. 3 km 2 estimated from their map in Fig. 4B, would consequently translate into a [Sr] in this part of the Vallerbaek brook of around 0.17 mg/L. However, this is a factor of two and a half times higher than what the authors report (0.066 mg/L). Also here, and even more pronouncedly, one would expect the Sr isotope composition in this location of the Vallerbaek brook to be nearly completely biased by the Sr isotope signature of the agricultural lime (i.e., 87 Sr/ 86 Sr~0.7078). This is contrariwise again not reflected by the 87 Sr/ 86 Sr values of 0.7099 measured in the respective water by Thomsen and Andreasen (2019) .
The above mass calculations imply, firstly, that strontium derived from agricultural lime is efficiently retained over decades in the topmost 60 cm of farmland developed on typical glaciogenic outwash sediments and consequently, that this Sr with its specific isotope signature is not transported downward into the respective vadose zone. Secondly, our calculations above on discharge characteristics within a representative catchment area from within the West Jutland glaciogenic province do not support a scenario whereby Sr from agricultural liming products is, on a yearly basis, efficiently dissolved and effectively transported into the respective vadose zone. [Sr] and Sr isotope compositions of Danish surface run-off, affected by interaction with groundwater recharge from primary and secondary magazines (Gravesen et al., 2010) , seem to be controlled by the natural detrital carbonate inventory of the overlying sediments. Our study reveals that very small amounts of relic detrital natural carbonates, still present in the acidic soils typical of moraine and outwash landscapes in western Jutland, are the controlling phases for the isotopic compositions in the respective run-off. This is the reason why significantly replenished water archives, such as creeks, streams and lakes, excerpt homogenized strontium isotope compositions which are biased towards the natural carbonate compositions, as illustrated by the baseline map published by Frei and Frei (2011) , redrawn here for reference and illustration purposes in Fig. 6 .
Control of Sr signals by relic detrital carbonates
Data from the soil profile studied herein show an isotopically discernable carbonate endmember in the bioavailable fractions from the agricultural lime carbonate signal (Fig. 2B ). Above we interpret that naturally occurring relic detrital carbonates in the sediments have a controlling effect on the isotope compositions of the surface run-off. Our interpretation is compatible with results from a study by Voutchkova et al. (2015) , in which it is shown that the distributional pattern of Sr concentrations in Danish groundwaters, including those of central and western Jutland, in fact does reflect the geological/geomorphological outcrop pattern of the overlying sediments. Maps presented by Voutchkova et al. (2015) (their Fig. 3e,f) reveal a similar distributional pattern of [Sr] in groundwaters as the geomorphological map shown in Fig. 1 . This is particularly true for western Jutland, where the waters have expectedly low [Sr] , between 0.039 and 0.070 mg/L (Voutchkova et al., 2015) . The distributional pattern of low [Sr] waters fits with the distribution of glacial flood plain sediments in Western Jutland (Fig. 1) . Since surface run-off and groundwaters are tightly connected with each other, particularly in highly permeable sediments as they occur in periglacial landscapes, the coherence of these maps supports that a natural geogenic system controls the [Sr] in the surface waters. The fact that this concentration-based distributional pattern is not reflected in the distributional pattern of 87 Sr/ 86 Sr signatures of the surface run-off (i.e., the baseline map published by Frei and Frei (2011) ; redrawn in Fig. 6 ), lies therefore in the naturally very low [Sr] of the outwash sediments. These render the vadose system vulnerable to Sr contributions from relict detrital carbonates which bias the 87 Sr/ 86 Sr towards compositions typical of Late Maastrichtian -Paleocene limestones and chalk which occur widely distributed below the glaciogenic sediment covers in Denmark and which were reworked during the Saale and Weichsel glacier advances. Such detrital carbonates also occur in sediments of the West Jutland glaciogenic province, in some areas constituting up to~50% of the clastic components in some moraine sediments (Sjørring and Frederiksen, 1980) . A natural geogenic (not agricultural lime related) origin of Sr in the surface and groundwaters of Denmark is also supported by the iodine concentrations in them. The distributional pattern of iodine, depicted in the study of Voutchkova et al. (2015) (their Fig. 3a,b ) follows that of [Sr] . Voutchkova et al. (2014) found that elevated groundwater-I concentrations originate from Paleocene and Cretaceous limestone/chalk aquifers and attributed a natural source to explain the distribution of this geogenic trace element, very much like for Sr. Fig. 6 . Reference map based on 87 Sr/ 86 Sr values in surface waters from presentday Denmark (excluding the island of Bornholm). The map is redrawn using the exact data base published by (Frei and Frei, 2011) . Surface water sample sites are marked with yellow filled dots. The variogram and variogram parameters (sill, range and nugget) used for the respective 87 Sr/ 86 Sr interpolation by linear kriging is depicted in the inset. Dotted black line indicates the Main Stationary Line (MSL) which marks the maximum extent of the Scandinavian ice sheet during the last Glaciation (22′000 B.P.).
We also want to point out that, due to the fact that natural detrital carbonates in the acidic parts of glaciogenic sediment profiles have been, and are still, being continuously dissolved, 87 Sr/ 86 Sr ratios of today's surface run-off likely represent maximum values when for example set in relation to prehistoric periods. This is because one would expect that the relative contribution of Sr with a low 87 Sr/ 86 Sr signature from these carbonates to the respective vadose zones has decreased over time since the retreat of the glaciers.
In addition, waters analyzed by Thomsen and Andreasen (2019) from springs, creeks and rivers in tunnel valleys and from locations where there is a noticeable increase in water flow rates of surface-run off (such as from the Vallerbaek tributary to the Karup river in the West Jutland glaciogenic province) due to groundwater influx/replenishment, are characterized by significantly higher [Sr] and lower 87 Sr/ 86 Sr ratios which fall in the range of those published by Frei and Frei (2011) for surface waters from this part of the country. In the view of ar groundwater discharge model as presented herein, this implies that large surface water bodies (such as lakes, rivers and large creeks) are not significantly affected by modern agricultural liming and that their Sr isotope signatures are still relevant for modern and prehistoric provenance and migration studies.
Relevance of surface waters to characterize bioavailable strontium isotope baselines
There seems currently not to be a general consensus regarding the role of drinking water in the strontium intake budget of humans. However, the typical adult human body burden of Sr is 0.3-0.4 g (99% in the skeleton), and the primary exposure sources are drinking water, grains, leafy vegetables, and dairy products (Watts and Howe, 2010) . Based on 2 L daily consumption of drinking water with Sr concentrations of 0.34-1.1 mg/L, drinking water contributes 0.7-2 mg/day (Watts and Howe, 2010) . Based on these numbers it is conceivable that drinking water might constitute a significant source of Sr in the mass budget of human Sr intake, but not necessarily the sole significant source. The fact that surface run-off is capable of averaging out bioavailable Sr signatures characteristic of a specific area renders this archive relevant and important for provenance and migration studies of humans and animals. While Watts and Howe (2010) note that human Sr intake may be higher in areas where drinking water Sr concentrations are higher, this also applies, in an opposite way, for human Sr intake in areas with low [Sr] in drinking waters. In such areas the drinking water might play a secondary role in the Sr uptake balance of humans and animals. However, Burton and Wright (1995) contributed to the understanding of the complexity of Sr uptake and absorption into human bone and stated that "although bone strontium quantitatively reflects the average dietary Sr/Ca ratio, it is disproportionately sensitive to high-calcium foods". The importance of strontium in tap water as reflected in human hair has also been advocated by Tipple et al. (2018) . Nevertheless, in order for drinking water archives to be relevant in the Sr intake balance of human and animals, it is essential to consider water archives that can serve as realistic and suitable sources of drinking water. This is the case for modern as well as ancient provenance and migration studies. So, for example, we must assume that prehistoric humans likely and preferably drank water from springs, and it is very unlikely that small stagnant water bodies, such as ponds, were chosen for this purpose. Upon these reflections, we re-evaluate the recent surface waters analyzed by Thomsen and Andreasen (2019) from central and western Jutland, considered by these authors as "pristine" sources which they claim to represent archives that are unaffected by modern agricultural lime additions. The elevated radiogenic strontium isotope signatures of surface waters collected from geographically elevated "uplands" (e.g. in ponds) dominated by moraine (till) deposits and outwash plain sediments from the so-called Central and West Jutland glaciogenic provinces (Fig. 1 in Thomsen and Andreasen (2019) between 0.709 and 0.715 are interpreted by them to reflect the true and relevant bioavailable signature for this part of the country. However, all waters analyzed by Thomsen and Andreasen (2019) and termed "pristine" with high 87 Sr/ 86 Sr values have [Sr] b b 0.07 mg/L, with about half of these samples exhibiting [Sr] b b 0.02 mg/L, with values as low as 0.001 mg/L. The low [Sr] of these samples imply a short residence and interaction time with the soil substrate, a feature which would be expected in terranes dominated by highly permeable aquifers. We strongly argue against the claim of Thomsen and Andreasen (2019) that such water bodies with low concentrations have a significant effect on the dietary mass budget of humans, and consequently that these are relevant archives for depicting bioavailable signatures. Using a daily consumption of 2 L water, the contribution of Sr from a drinking water with [Sr] of 0.02 mg/L similar to those waters with elevated 87 Sr/ 86 Sr signatures analyzed by Thomsen and Andreasen (2019) would imply an insignificant Sr intake proportion of only~1% if set in relation to an average intake of~4 mg Sr/day estimated for humans (Watts and Howe, 2010) .
Implications of soil ammonium nitrate leachate signatures for bioavailable fractions
One of the main conclusions from the large and comprehensive data set produced by the GEMAS (Geochemical Mapping of Agricultural Soil; Reimann et al. (2003) ) project is that source lithology seems to dominate the soil chemistry. For example, the lead isotope maps produced by the GEMAS consortium (Reimann et al., 2012) show the dominance of the underlying bedrock. However, in this lead isotope study the soil samples were attacked by aqua regia, a strong oxidizing acid, which is considered to be representative of bulk mineralogy. This stands in contrast to the weak salt NH 4 NO 3 extract (also used in this study) which instead better reflects the bioavailable fraction. The NH 4 NO 3 signal is tentatively also more sensitive to fine-grained atmospheric particle depositions, seaspray and landuse related fertilizer additions, as these influences will dominate in the highly reactive and smallest particle size fraction. Studies of Willmes and co-workers (Willmes et al., 2018; Willmes et al., 2014) used a geo/litho-stratified approach to create a bioavailable 87 Sr/ 86 Sr map of France for 540 sample locations, using therefore the same NH 4 NO 3 extraction method for soils as used in the large TRACE project (Voerkelius et al., 2010) . NH 4 NO 3 extractions were also used in the recently published study by Hoogewerff et al. (2019) presenting 87 Sr/ 86 Sr isotope ratios for~1200 selected soil samples from adjacent grazing and agricultural topsoils in Europe with the aim to better understand the strontium isotope distribution in the bioavailable fraction of the topsoil and its potential for provenance applications.
Data presented herein on NH 4 NO 3 extracts from samples of a representative glaciogenic outwash soil profile in the West Jutland glaciogenic province reveals the complexity inherent in the methods to extract bioavailable, labile fractions from soils, and also sheds light on the importance of choosing suitable and relevant soils and extraction methods for this purpose. Here, the extraction of bioavailable Sr from sandy outwash sediments with NH 4 NO 3 results in more radiogenic 87 Sr/ 86 Sr values (in the range from 0.7086-0.7104; Table S1, Fig. 3 ) compared with the compositions measured directly on the pore waters from different soil layers in the respectively studied profile (range from 0.7082-0.7086; Table S1 ; Figs. 2, 3) . However, acetic acid leachates yielding 87 Sr/ 86 Sr ranging between 0.7072 and 0.7082 (Table S1 ), designed to specifically attack/dissolve carbonate components in the profile, do show the agricultural lime product imprint in the topmost soil horizons, explicitly revealed by samples B and E which yielded high [Sr] and low 87 Sr/ 86 Sr signatures of 0.7072-0.7078 (Table S1 ). Acetic acid leachates from the lower part of the profile instead very closely depict the composition of natural carbonate relicts and approach the 87 Sr/ 86 Sr signature of 0.70814 (Table S1 ) of the groundwater sampled at c. 6.6 m depth in the studied profile. It also becomes evident that, in this specific sandy soil profile, the ammonium nitrate leachates "overshoot" the strontium isotope signatures of the pore waters (which are dominated by Sr from carbonates) in the lower parts of the profile (Figs. 2,3 ). This implies that very small amounts of adsorbed Sr in these sediments make the bioavailable signature sensitive to contributions from the weathering silicates released by the ammonium nitrate. It also implies that the pore waters measured in the profile are truly characterized by lateral fluxes of water that likely obtained their Sr isotope composition dominantly by partial dissolution of natural relic carbonates in the lower soil horizons of the area that depress the radiogenic isotope signatures of the Sr released from the weathering silicates.
The above implies that ammonium nitrate leaching of sandy sediments, as they occur in the West Jutland glaciogenic province and elsewhere in areas characterized by glacier outwash sediments, is suitable for characterizing relevant bioavailable fractions used for prehistoric and modern provenance studies. In addition, it is not advisable to include sparse surface water bodies from such terranes into constraining bioavailable signature ranges for provenance and migration studies. As mentioned above, neither do the isotope signatures measured in such waters reflect relevant bioavailability, nor do they play an important role in the uptake mass budget of Sr in humans in general.
Last not but least, our study has implications for sampling strategies designed to characterize bioavailable signature ranges of target area in provenance studies based on strontium isotopes. We hypothesize that agriculturally added Sr, including lime, is efficiently concentrated and retained in topsoils, not only in glacigenic outwash terrains of Northern Europe where podzols dominate, but also in other farmed areas elsewhere characterized by other soil types, particularly by calcisols, cambisols and chernozems with defined organic-rich top horizons which occur widespread at least on the European continent. If sampling of such agriculturally affected soils cannot be circumvented, it is advisable to collect soil samples below the organic-rich zone as we suspect that, as shown by our study herein, Sr effectively is adsorbed by organic material and exogenous Sr therefore would significantly affect the bioavailable, geo-pedogenic-sourced natural Sr fraction leached from these soils for provenance purposes. We however note here that a recently published study by Hoogewerff et al. (2019) comparing NH 4 NO 3 soil extracts of c. 1200 topsoils (from 0 to 20 cm depth) of respective agricultural farmland. In their study, nearby grassland samples from all over Europe did not significantly discriminate the 87 Sr/ 86 Sr signatures between the two groups. The difference in 87 Sr/ 86 Sr means between the agricultural farmland sample extracts and the extracts from grassland soil sites is 0.0009 and between the medians just 0.0003, while there is slight difference of 0.0011 in the standard deviations defined by the two data sets (Hoogewerff et al., 2019) .
As vegetation is increasingly used as a potential archive from which bioavailable signatures can be extracted, it would make sense to sample plants with root system deep enough to penetrate beyond the organicrich top soils of respective terranes. Bushes seem to be better suited than surface plants such as grass, heather etc. for this purpose. More detailed studies are however necessary to investigate the effects of exogenous Sr on potentially interesting alternative proxy archives to surface run-off, for the construction of adequate and realistic baselines and isoscapes used for proveniencing.
Conclusions
Our detailed study of a representative cored soil profile characterized by sandy glaciogenic outwash sediments in the West Jutland glaciogenic province comes as a response to the recently published article by Thomsen and Andreasen (2019) in which these authors convey a strong criticism towards the use of strontium isotope signatures of surface-run-off in such terranes, for the definition of bioavailable signatures, with far reaching implications for existing and futures provenance and migration studies of prehistoric humans and animals. We here show that agricultural liming of soils in areas dominated by siliciclastic outwash overburden does not influence the strontium isotope composition of the vadose zone, and that the transfer of cations (including Sr 2+ ) from agricultural lime products added to the topsoils is efficiently inhibited by an alkalinity barrier near the surface.
Down-log mixing relationships between inverse strontium concentrations and 87 Sr/ 86 Sr signatures in ammonium nitrate leachates of the core samples studied reveal that the top 60 cm of the soil studied is strongly affected by lime product addition. Conversely, released strontium from the samples below this horizon can be explained by a welldefined two component system, with dominant strontium derived from relic, naturally occurring Late Maastrichtian-Early Danian limestone components and a radiogenic component derived from the weathering of silicilastic material.
The increasing [Sr] and decreasing 87 Sr/ 86 Sr values in many brooks and rivers from the West Jutland glaciogenic province could result from discharging deep flow groundwater paths carrying a Sr imprint from detrital relic carbonates and need therefore not be associated to the change in land use along the respective brooks and rivers. In this view, existing surface-water based reference isoscapes and respective reference maps in recently glaciated farmed areas are still valid.
We show that pore waters and the groundwaters are dominated by strontium derived from naturally occurring relic carbonate components in these otherwise termed "low to noncalcareous" sediments, and that the presence of even very small amounts of such relic detrital carbonates in the soil profiles are sufficient to bias the 87 Sr/ 86 Sr ratios measured in the respective pore waters and in ammonium nitrate leachates designed to recover bioavailable strontium isotope signatures from the substrates. This is one of the major reasons why surface-water based strontium isotope reference maps, such as published by Frei and Frei (2011) for Denmark (excluding the island of Bornholm) show a rather homogenous distribution of strontium isotopes including the West Jutland glaciogenic province. The strong interaction between surface-water run-off and groundwater in such terranes predicts that such a homogenous strontium isotope distribution is also found in respective groundwaters in Denmark. .
Our results also imply that sparse surface waters with very low [Sr] in otherwise very permeable sediments typical of glaciogenic outwash terranes are not suitable for the characterization of relevant bioavailable signatures used for provenance and migration studies.
Finally, if drinking water is to be considered a significant contributor to a daily Sr intake of a human, the strontium concentrations of such waters should be high enough to be able to contribute with a significant proportion to an average daily strontium intake. It is these characteristics that are not met by most of the surface waters sampled by Thomsen and Andreasen (2019) from upland areas in the West Jutland glaciogenic province, and we argue against strontium isotope signatures measured on them to be relevant for prehistoric and modern provenance studies.
